
296. 
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I. Introduct ion 
A l a rge  number of  molecular systems which have nieasurzble 

vapor pressures  a t  d r y  i c e  o r  room temperature can be studied 
by microwave spectroscopy. In  general  i t  i s  necessary t h a t  
these molecules possess  a permanent d ipole  moment (usual ly  
g r e a t e r  than 0.1 Debye) and have r o t a t i o n a l  s t a t e s  with 
energy l e v e l  spacings which correspond t o  frequencies-.ri the 
microwave s p e c t r a l  range (8-40 GHz, or 0.29 - 1.33 cm ) . Most 
moleculesllhave been s tudied  in t h e  microwave range with a 
"standard Hughes and I.lilson Stark-modulated spectrometer. I n  
t h i s  sytem the molecule i s  placed 1.n a waveguide c e l l  a t  a 
pressure of 10-100 c: o f  Hg. 1-licrowave r a d i a t i o n  is passed 
through the c e l l  and absorbed by the molecular system a t  
f requencies  corresponding t o  the  energy l e v e l  separat ions of 
c e r t a i n  p a i r s  of r o t a t i o n a l  s t a t e s .  It i s  important t o  rez l ize  
t h a t  t h i s  resonance absorpt ion f o r  l e v e l s  i, j w i t h  

(where E E a r e  the  energ ies  of s t a t e s  i , J  md 
h LsPlanck's cons tan t )  involves only two levels(we neglect  here 
poss ib le  overlap between two or more t r a n s i t i o n s  and degeneracies). 
I n  order  t o  enhance the s e n s i t i v i t y  f o r  de tec t ion  of the absorbed 
rnicror.:ave rad ia t ion ,  a l a r g e  e l e c t r i c  f i e l d  (0-200OV/cni) 1s 
appl ied to the gas i n  the  c e l l .  The i n t e r a c t i o n  of the  molecular 
d i p o l e  moment with t h i s  f i e l d  causes a s h i f t  i n  t h e  r o t a t i o n a l  
energy l e v e l  spacings and a consequent s h i f t  In the microwave 
absorpt ion frequencies.  The la rge  e lec  t r i c  f i e l d  i s  modulated 
i n  square wave fashion,  usua l ly  a t  lGOKHz, and hence the absorp- 
t i o n  of r a d i a t i o n  i s  a l s o  modulated a t  the same frequency and 
can be de tec ted  with a phase s e n s i t i v e  de tec tor .  

The standard S t a r k  spectrometer can be character ized a s  
a s i n g l e  resonance device beczuse i t  involves the resonant 
absorp t ion  f o r  only a single l i n e  (one p a i r  of r o t a t i o n a l  energy 
l e v e l s ) .  It is a l s o  poss ib le  t o  simultaneously i r r a d i a t e  a 
gaseous system with two rn1crov;ave r a d i a t i o n  f i e l d s  with frequencies 
corresponding t o  two d i f f e r e n t  r o t a t i o n a l  resonances of the 2-4 molecule. 
in S t a r k  modulated spectrometers  where the basic  detect ion 
scheme s t i l l  involves  the molecular S t a r k  e f f e c t .  However, 
when two microwave f i e l d s  are appl ied to  a gaseous sample, It 
I S  poss ib le  t o  e l imina te  the  standard high voltage Stark 
modulated c e l l  by  modulating one of  the  microwave f i e l d s  Instead. 
This l a s t  spectroscopic  scheme has been character ized a s  double 
resonance modulated microwave spectroscopy and cons t i tu tes  the 
Rain concern of t h i s  a b s t r a c t .  

i' J E -E. = h V i j  
i J  

Such experiments have been pursued by severa l  authors 
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11. The ore t i c a l  Considerations 

resonance l i n e s  a r e  pressure broadened. The average l i f e t h e  
Of' a r o t a t i o n a l  s t a t e  is taken as the niean time between col- 
l i s i o n s .  only three r o t a t i o n a l  energy l e v e l s ,  1, 2, 3 with 
energies E,cE2<E3 a r e  considered. 
2+3 a r e  assumed t o  be allowed with dipole  moment matrix elements 

p12 23 
Two r a d i a t i o n  f ie lds  are ,a l l?ued t o  impinge upon t h e  gaseous 
semple, a s t rong  f i e l d  E = EOcosw't and a weak f i e l d  E = Eo 
C O S 3 t  with 9' near  ILI' and rn near  w 

f igure l a )  T is defined t o  be the average c o l l i s i o n  l i fe t ime 
f o r  the  s t a t e s  1, 2, 3 and nl, n2* n3 a r e  the number cf molecules 
per cm3 in s t a t e s  1, 2, 3 for the gas a t  thermal equilibrium. 

The t h e o r e t i c a l  treatiaent used here assurries t h a t  the 

The t r a n s i t i o n s  1+2 and 

' 
and U and resonance frequencies U.'O = 2nvl2, wo = 2nv23. 

b u t  1w'-a1> IGHz. (See 
0 0 

It is u s e f u l  t o  def ine  the  parameters x = (P E )/(2h) and 23  0 
Y = (Pl2E;)/(2h)* . 

A l l  double resonance experkients  of i n t e r e s t  In t h i s  
work ?re such t h a t  the t r a n s i t i o n s  induced by the f i e l d s  E 
and E occur between p a i r s  of r o t a t i o n a l  l e v e l s  which have 
ore co:irT.ion energy l e v e l  (%.e. l e v e l  2 for 1 -* 2, 2 -* 3) .  
The paver in the r a d i a t i o n  f i e ld  E '  is  taken t o  be  s u f f i c i e n t  
t o  "sa tura te  the t r a n s i t i o n  1 -+ 2. T h i s  is equivalent t o  
saying 1 Y1 2 ~ 2 > > 1 .  
so  low that the 2 + 3 t r a n s i t i o n  is not  
( 1  X 1 7 G I ) .  Physically,  s a t u r a t i o n  corresponds t o  a 
s i t u a t i o n  where the r a t e  of t r a n s i t i o n s  induced by a r a d i a t i o n  
f i e l d  between two l e v e l s  i s  s u c h  t h a t  the population difference 
between the l e v e l s  involved i n  the t r a n s i t i o n  i s  no longer 
described by the thermal e q u i l i b r i u m  value. 

spectroscopy are:  (1)  the s t rong  (high power) f i e l d  E i s  used 
t o  modulate the  gaseous molecular sample by i n t e r a c t i n g  w i t 4  
the energy l e v e l s  1 and 2; (2)  the  modulation produced by E 
c iuses  small b u t  r e a d i l y  de tec tab le  changes i n  the absorption 
of r a d i a t i o n  from the  weak f ie ld  E by t r a n s i t i o n s  between the 
l e v e l s  2 and 3; (3)  the s i g n a l  detected c o n s i s t s  e s s e n t i a l l y  
of the Tower absorbed from the weak f i e l d  E; (4) t h e  s t rong 
f i e l d  E 
detected.  

The power In  E howexer is assumed t o  be 
saturated' '  

2 2  

The main f e a t u r e s  of microwave modulated double resonance 

i s  blocked from the  c r y s t a l  rece iver  and is never 

Javan7 I n  a c l a s s i c  paper has given a mathematical de- 
s c r i p t i o n  of a th ree  l e v e l  system i n t e r a c t i n g  with two r a d i a t i o n  
f i e l d s .  The theory i s  d i r e c t l y  appl icable  t o  microwave double 
resonance b u t  the mathematical d e t a i l s  a r e  too complex t o  
present here. Therefore only a very q u a l i t a t i v e  and I n t u i t i v e  
descr ip t ion  w i l l  be given i n  what follows. 
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For weak r a d i a t i o n  f i e l d s  i t  i s  genera l ly  t rue  t h a t  only 
s i n g l e  quantum t r a n s i t i o n s  can take place In a molecular system 
due t o  absorpt ion of  rad ia t ion .  Thus a niolecule c a n a s o r b  a 
photon from f i e l d  E 2nd go from s ta te  2 t;o s t a t e  3.  In  the 
presence of a very large f i e l d  such a s  E a t  the  1 -+ 2 molecular 
resonance frequency and a weaker f i e l d  E a t  the 2 3 3 molecular 
resonance frequency, it i s  possible  f o r  a molecule i n  s t a t e  
1 t o  simultaneously absorb a photon from both E'  and E and make 
a t r a n s i t i o n  t o  s t a t e  3 d i r e c t l y  v i a  a double quantum transi t ion.  
Such t r a n s i t i o n s  a r e  allowed que t o  the s t rong  quantum mechanical 
mixing of s t a t e s  1 and 2 by E . I n  a double resonance experiment 
the power absorbed from E c o n s i s t s  of two terms: 
absorbed by molecules making the usual s i n g l e  quantum t rans i t ion  
2 -f 3; ( 2 )  power absorbed by molecules making a two quantum Jump 
from 1 -+ 3.  

I n  a,microwave modulate'd double resonance spectrometer 
the f i e l d  E is square wave modulated between the values E'= Ehcosu't 

f o r  power l e v e l s  i n  the  E f i e l d  of the order  of one watt  o r  
less,  E '  = EA cos x 2 t  genera l ly  has only a small  e f f e c t  on the 
molecular system because 
poss ib le  t o  take E = 0 f o r  ha l f  the square wave cycle  without 
introducing much error .8  If  phave s e n s i t i v e  de tec t ion  lacked 
t o  the modulation frequency of E is used t o  d e t e c t  the power 
absorbedfrom E, the  power absorbed from E during the  E = 0 
h a l f  of  the modulation cyc le  w i l l  be e s s e n t i a l l y  ident ica l  t o  
an drdinary ?ingl$ resonance absorption. 
dWMg the  E 
resonance shape predic  ted by Javan's theory. 

Pressure Dependence and I n t e n s i t y  of Double Resonance Signal 

(1) power 

= IU' and la2' - -  LU ' I =  2WHz. I n  such a s i tua t ion ,  
0' 

f 

I 1 
is  so far from wo. Thus It is 

1 2 

The power absorbed 
= Eg C O S  a t h a l f  cyc le  w i l l  have t h e  double 0 

-In. - 
I n  the case where E '  i s  only an 0.1 w a t t  f i e l d  a t  the  

J=O-1 resonance frequency t h e  l ineshape f o r  t h e  OCS J=1-2 transition 
w i l l  have ttfe appearance shovrn i n  f igure  l b .  
the s i g n a l  height" S w i l l  decrease and the  " l i n e  width" w i l l  Increase 
i n  a somewhat complex rnanner.9 

As the  pressure Increases 

" 1 
f l  

Usin# a computer t o  simulate l i n e  shapes in 02.9, the 
. h e  i n t e n s i t y  S f o r  the J d + 2  t r a n s i t i o n  w i t h  an 0.1 Watt pump 
.eld a t  the J=O-1 resonance frequency has been determined a8 a 

funct ion of pressure.  These c a l c u l a t i o n s  correspond t o  the line 
shape shown i n  f igure  l b .  A t a b l e  of  S versus pressure and 7 I s  
given i n  Table 1 below for t h i s  case.  - 

* Table 1 
. s  P 

3.15 2 
3.19 10 
.3.03 20 

. 1.05 100 0 248 
0.77 200 0.124 

(sec x710 4) 
12.40 
2.48 
1.24 

( a r b i t r a r y  u n i t s )  (p of Hg) 

*Av = 12 I ~ I z / ~ ,  f u l l  width a t  h a l f  height ,  see ref.--&?...: 1 ._,_,- ...... 
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A t  low pressure,  f o r  E'- a lWat t  pump f i e l d ,  i t  is 
poss ib le  t o  compare the theo re t i ca l  i n t e n s i t y  ,S1 (Figure I C )  
with t h a t  which can be obtained from a s ing le  resonance S ta rk  
modulated spectrometer. When the S and ,S  l i n e s  a r e  well 
resolved, S1 i s  very s i m i l a r  t o  a s?ingle rgsonance absorpt ion and 
it might be expected t h a t  the i n t e n s i t y  is, the  same as tha t  for the 
equivalent  Stark modulated l i n e .  This is  not  t rue  normally and the 
theo re t i ca l  i n t e n s i t y  i s  expected to be iess in general  f o r  the 
double resonance spectrometer.  .. The problem which a r i s e s  here has  
t o  do x i t h  the e f f e c t  of the puriiping r ad ia t ion  on var ious molecular 
1.i s t a t e s  (I.1 is  the p ro jec t ion  of the t o t a l  angular monientum J on a 
space f k e d  axis). This e f f e c t  becomes small as higher J va lues  a r e  
s t u d i e d  and i s  tFeated in d e t a i l  elsewhere.9 There a r e  a l s o  some 
Frac t i c a l  t echnica l  problems t o  be considered in  comparing S ta rk  and 
aouble resonance spectrometers.  Because of the absence of a S ta rk  
p l a t e  i n  the double resonance systerii, the  double resonance wave guide 
c e l l  cEn e a s i i y  be made about f i v e  times 2s long a s  the corresponding 
Stark c e l l  thus efihancing the si'gnal i n t e n s i t y  by a s u b s t a n t i a l  amount. 
F ina l ly ,  there  a r e  some sub t l e  i f i t ens i ty  e f f e c t s  i n  a double re.sonance 
spec tyoiiieter which a r i s e  frorii the  r a t e  of r e l axa t ion  of t he  r o t a t i o n a l  
s t a t e s  and may lead t o  Solie enhancmient i n  s igna l  i n t e n s i t y  ov r the  
Stark case. These e f f e c t s  should be neg l ig ib l e  i n  most cases .  5 

IV. Sxperinrental R e s u l t s  

experiments using a double resonance modulated spectrometer 
similar t o  t h a t  of re fe rence  6. 
a r e  considered here.  
t r a n s i t i o n  kcas observed while the 202 -+ 211 ( U 9 2 n  = 13474.9 M H Z )  

t r a n s i t i o n  was pumped; The l i n e  shape corresponded t o  t h a t  shown 
In  Figure I b .  
Figure 16) a s  a func t ion  of p r e s s u r e  f o r  pure propionaldehyde. 

It can be seen t h a t  t h e  s igna l  he ight  begins t o  f a l l  
off d r a s t i c a l l y  f o r  pressures  i n  excess of about 2511 of Hg. 
behavior i s  q u a l i t a t i v e l y  s i m i l a r  t o  t ha t  predicted using computer. 
siniulated 1,lne shapes for the molecule OCS (see Table 1). 

Several  molecules have been inves t iga ted  in the  present.  

Only the r e s u l t s  for propionaldehyde 
For t h i s  molecule the 211 + 312 ("@ = 33,347 MHZ) 

Figure 2 i s  a p l o t  of the s igna l  he igh t  S (see 

\ e  

This 

The reason for the  i n i t i a l  r ise i n  the s igna l  height in 
the pressure range 0-20 CI of Hg i s  r e a d i l y  understood by the 
following considerat ions.  For pressures  below about 10 CI of Hg 
the l inewidth of the s igna l  is not  determined by c o l l i s i o n  processes 
and hence the  t h e o r e t i c a l  d i scuss ion  presented ear l ie r  does not 
apply t o  t h i s  region.  Before pressure broadening s e t s  i n ,  the 
l inewidth will genera l ly  be a cons tan t  (determined by the  modulation 
frequency, temperature, and c e l l  dimensions) and the l ine  i n t e n s i t y  

s imi l a r  t o  the s i t u a t i o n  observed i n  a S tark  spectrometer except 
that  f o r  the S tark  case the maximum s igna l  he ight  i s  independent 
of pressure i n  the pressure broadened range. 
resonznce case the l i n e  i n t e n s i t y  drops i n  the pressure broadened 
range because of incomplete modulation. 

"\ 
1 

. w i l l  increase d i r e c t l y  as the dens i tg  of the  smple.  This I s  
'\ 
/ 

For the double 

7 

I 



I 

300. 
For gas semljles which a r e  mixtures of several  components 

( a l l  o r  only one of which have a microwave spectrum) curves 
Similar t o  that  shown In Figi~re 2 =re  &ser~.~ed f e r  
component. The peak of the  s i g n a l  genera l ly  occurs a t  a d i f f e r e n t  
pressure than t h a t  for the pure sample due t o  the d i f fe rence  In 
c o l l i s i o n  cross  sec t ions  f o r  the var ious c o n s t i t u e n t s  of the 
sample. It i s  worth not ing  t h a t  the  double resonance technique 
serves  a s  an unambiguous i d e n t i f i c a t i o n  method for a molecule 
i n  the presence of many o ther  molecules. This i s  because the 
observation of a double resonznce s i g n a l  f o r  a given microwave 
pump and observation frecpency r e q u i r e s  t h a t  the sample have 
a resonance a t  each of these respec t ive  frequencies  and t h a t  
these resonances must  have a cormon energy l e v e l .  That such a 
series of circumstances might a r i s e  for more than one molecule 
is highly unl ikely.  

g:t.efi 

V. Conclusions 

1. A t  moderate o r  low pressures  (about 20cI of Hg)  it 
is  expected tha t  a microwave modulated double resonance spectro- 
meter will have a b e t t e r  s i g n a l  t o  noise  ra t io  than a S tark  
modulated spec trorneter provided the double resonance waveguide 
c e l l  i s  a t  l e a s t  severa l  times longer than the. S ta rk  c e l l .  

double resonance technique is less advantageous than the Stark 
technique. 

2. A t  high pressures ,  due t o  incomplete modulation, the 

1. 

2. 

2: 

8: 

5. 
6. 

9. 
10. 

3. The double resonance technique Is extremely u s e f u l  
f o r  i d e n t i f i c a t i o n  of molecules i n  a mixed sample due t o  
the highly s e l e c t i v e  nature  of the double resonance phenomenon. 
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